The stromal p H of the chloroplast must be maintained higher than that of the surrounding cytosol for photosynthetic carbon assimilation to occur. Experimental evidence demonstrating how this is accomplished in the plant cell is lacking. In the experiments reported here, we studied H+ and K+ flux across membranes of purified chloroplast inner-envelope vesicles. We were able to demonstrate ATP-dependent transport of both cations across the membranes of these vesicles. l h e data presented document the presence of an H+-pump ATPase in the chloroplast envelope. Energy-dependent K+ flux across these membranes occurs as a consequence of primary H+ pumping. The H+-pumping activity demonstrated in this report is consistent with a model involving the activity of this envelope ATPase as a primary mechanism facilitating a stroma:cytosol ApH.
Mitchell(l961) first postulated that a pH gradient between the stroma and thylakoid lumen developed in the illuminated chloroplast (and provided the energy for ATP formation). The subsequent "acid-bath" experiments of Jagendorf and coworkers (Hind and Jagendorf, 1963; Jagendorf and Uribe, 1966) provided experimental evidence supporting Mitchell's hypothesis. In the early 1970s, Heldt and colleagues (Heldt et al., 1973; Werdan et al., 1975) uncovered the significant regulatory role that light-induced stromal alkalization has on the enzymes of the photosynthetic carbon reduction cycle. Their studies demonstrated that lowering the stromal pH of the illuminated chloroplast to that found in the dark (i.e. to approximately pH 7) virtually eliminates photosynthesis, even when other stromal conditions of the illuminated chloroplast and the stroma:thylakoid ApH are maintained. Taken together, this body of work reveals an elegant coupling of the "light" and "dark" reactions of photosynthesis. This interdependence of the photosynthetic machinery is one of the ways in which chloroplast metabolism has evolved to prevent the energy-wasteful futile cycling of intermediates involved in starch synthesis and breakdown.
Throughout the three decades during which this characterization of chloroplast photosynthetic metabolism has been developed, an important related question has been left unresolved. The limiting (i.e. inner envelope) membrane of the chloroplast acts as an osmotic barrier and delimits the chloroplast stroma from the cytoplasm of the plant cell (Douce and Joyard, 1990) . The chloroplast inner envelope has been shown to be permeable to protons (Heldt et al., 1973; Werdan et al., 1975; Bligny et al., 1990) ; stromal pH (in the light and dark) is dependent on externa1 pH, and light-induced stromal alkalization is quickly reversed in the dark when isolated chloroplasts are incubated in extemal medium with a lower pH. The stromal pH of the illuminated chloroplast is about 8.0 (Heldt et al., 1973; Wu and Berkowitz, 1992a) , whereas cytoplasmic pH is maintained at 7.0 or as high as 7.5 (Spanswick and Miller, 1977; Martin et al., 1982; Bligny et al., 1990) . Therefore, optimization of photosynthetic capacity must be dependent on the maintenance of a pH gradient between the stroma and both the thylakoid lumen and the The physiochemical nature of the system that allows the illuminated chloroplast to meet this biophysical challenge (maintenance of a stroma:cytosol ApH) in situ is not known and has been the object of much speculation. One model in the literature includes possible connections between the thylakoid and chloroplast envelope membranes, which allows passive H+ influx into the stroma to be compensated for by direct movement of H+ from the thylakoid lumen to the cytosol (Enser and Heber, 1981; Heber and Heldt, 1981) . Robinson (1985) postulated the existence of an electron transport chain in the envelope that could act to pump protons to the cytosol. Neither of these proposed mechanisms has been supported with experimental evidence.
An ATP-dependent pump could provide the necessary mechanism, and an ATPase is known to be a major component of the total intrinsic protein in the chloroplast envelope (Coves et al., 1988; Douce and Joyard, 1990) . The physiological role of this enzyme has not been characterized. Some researchers (Nguyen and Siegenthaler, 1983, 1985) have speculated that this ATPase may be involved in energydependent import of proteins or calmodulin-activated Ca2+ uptake. Moreover, in a direct examination of the putative role this ATPase has in maintaining an alkaline stroma, Robinson (1985) found no evidence to support the contention that this enzyme acts as an H+ pump. Other studies of intact isolated chloroplasts, however, do suggest that this ATPase may be involved in the maintenance of high stromal pH in the light. Compounds that are known to inhibit the envelope ATPase cytosol.
Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; DCCD, N,N'-dicyclohexylcarbdiimide. 261 Plant Physiol. Vol. 102, 1993 but have no effect on the thylakoid coupling factor have been found to inhibit photosynthesis. This photosynthetic inhibition has been associated with a decrease in stromal pH (Peters and Berkowitz, 1991) and stromal K+ (Maury et al., 1981; Wu and Berkowitz, 1991) of isolated chloroplasts. These results suggest that the ATPase may function in the light to maintain an alkaline stromal pH either directly, as an H+-efflux pump, or indirectly, by facilitating active K+ uptake (with H+ efflux occumng via electroneutral H+/K+ counterexchange through envelope cation channels) (Wu and Berkowitz, 1992a) . ATP-dependent K+ and/or H+ pumping by this enzyme has not been demonstrated.
In the work presented in this report, ATP-dependent changes in the flux of H+ and K* across membranes of purified chloroplast inner-envelope vesicles were studied. We present experimental results that demonstrate the presence of an ATP-dependent H+ pump in the chloroplast envelope, thus providing evidence for the physiological role of this chloroplast envelope enzyme.
MATERIALS AND METHODS

Preparation of Chloroplast Inner-Envelope
Membrane Vesicles
A11 of the studies presented in this report were undertaken with purified preparations of spinach (Spinacea oleracea L.) chloroplast inner-envelope membrane vesicles that were isolated as described previously (Wu and Berkowitz, 1992b) . Briefly, intact chloroplasts (isolated from 5-10 kg of spinach leaves using Percoll step gradients) were exposed to two freeze/thaw cycles in hyperosmotic medium, and the thylakoids were removed before the crude membrane fraction was loaded on discontinuous Suc step gradients. The use of the Suc gradient was adapted from Keegstra and Yousif (1986) and allowed for inner-envelope membrane vesicles to be purified away from both residual thylakoid membrane and, for the most part, outer-envelope vesicles. The protocol we followed was the same as that detailed previously (Wu and Berkowitz, 1992b) , except that 25 instead of 50 mM HepesNaOH was used in the initial grind medium, the Percoll cushions (15 mL, with 35 mL of crude chloroplasts on top) were centrifuged for 7 instead of 5 min, and the initial pelleting of (mixed) chloroplast envelope membrane vesicles was facilitated by centrifugation at 75,OOOg for 2 h. After inner-envelope vesicles were purified on the SUC gradient, they were stored at -8OOC (at approximately 1 mg of protein mL-') in envelope medium (0.2 M SUC, 2 mM Na2EDTA, 2 mM DTT, and 10 mM Tricine brought to pH 7.5 with NaOH or, as indicated in table headings and figure legends, with Tris base).
Transport Assays
The key technical aspect of this work was the development of an assay sensitive enough to measure ATP-dependent changes in the accumulation of radioisotope in membrane vesicles. Typically, transport assays of this nature are done with a vacuum filtration manifold (Brock, 1983; Churchill and Sze, 1983; Howitz and McCarty, 1991) , which can use a microfilter with a minimum 13-mm diameter. Solutions containing vesicles and radioisotope are transferred to the filter, and the solution exterior to the vesicles is removed during vacuum filtration; vesicles are trapped on the filter. Because of the retention of solution on the filter, it is usually washed with an excess volume of solution containing no radioisotope. With this assay technique, the signa1:noise ratio is too high for use with our experimental system. An alternative assay based on microcentrifugation/filtration was developed. Assay tubes were constructed by forcing the cut end (at the 0.1-mL mark) of a I-mL plastic syringe into a 400-pL microfuge tube, with a 0.5-cm2 square of 10-1m mesh nylon net and a 6-mm diameter MSI nitrocellulose microfilter disc (0.22-pm pore size) sandwiched in between. The nylon net is held tightly between the exterior wall of the syringe tip and interior wall of the tube. The net, in turn, holds the filter disc tightly against the bottom of the syringe tip, which has a 1.6-mm diameter opening. The filter is prewetted with 10 pL of reaction medium (containing no radioisotope), and 75 pL of reaction medium (containing vesicles and radioisotopes) is pipetted into the syringe tip. Adhesion to the plastic walls keeps the reaction solution away from the filter disc. After incubation for 5 min at room temperature, the assay tube is centrifuged in a Beckman Microfuge B for 5 s.
For all experiments, [3H]mannitol (1.88 pCi mL-' with a specific activity of 30 Ci mmol-') was included in the reaction medium. "Rb+ (approximately 4.5 pCi mL-') was used to measure K+ flux; the use of "Rb+ as a radiolabeled analog to monitor K+ movement across the chloroplast envelope is well documented (Demmig and Gimmler, 1983; Wu and Berkowitz, 1992a) . H+ flux across the envelope membrane vesicle was monitored by measuring the pH-dependent accumulation of ['4C]methylamine (1 pCi mL-' at a specific activity of 41 mCi mmol-') into the membrane vesicles, as described in detail by Churchill and Sze (1983) . An increase in methylamine uptake into the lumen of membrane vesicles would occur if the pH was lowered inside the vesicles. The amount of [3H]mannitol retained on the filter allowed for estimation of the "Rb+ or [14C]methylamine retained on the filter but not taken up into the internal (osmotic) volume of the vesicles. For each sample replicate, this internal measure of "background" label was subtracted from the total retained on the filter to yield a precise estimation of net internal 86Rb+ or
The specific aspects of the assay system that allowed for accurate and precise measurement of net internal "Rb+ and [14C]methylamine in membrane vesicles are as follows: (a) the filter area in contact with radioisotope (as compared with conventional techniques) is reduced by approximately 50-fold; (b) the use of dual radioisotopes, one impermeable, allowed for internal correction for background within each sample; and (c) prewetting the filter contributed to a reduced background.
Experiments were initiated by adding envelope medium (1 O pL/assay tube containing membrane vesicles equivalent to 5-15 pg of protein) to a reaction medium that contained a final concentration of 25 mM Tricine-Tris (pH 7.5), 200 mM SUC, and 5 mM MgS04. In most experiments, the effect of ATP on transport into the vesicles was evaluated. Control tubes (i.e. no ATP) contained an additional 5 mM Tris-HC1. ATP-Tris (5 mM final) was added to the reaction medium from stocks prepared the day of the experiment. ATP-Tris stock solutions were adjusted to pH 6.0. When present, K+ was supplied as the gluconate salt at 10 mM (final concentration). CCCP and oligomycin, when present in reaction media, were at 5 IM and 4 pg mL-I, respectively. CCCP and oligomycin were added to the reaction medium in ethanol (in all cases never exceeding 0.5% [./VI final concentration). For experiments that included CCCP or oligomycin as a treatment, the reaction medium for all treatments contained 0.5% ethanol. Care was taken to make sure the final pH of the reaction medium was 7.5 under a11 assay conditions. To facilitate this, the pH of the stock buffer solution was titrated to greater than 7.5 as needed, so that, when all components were added, the pH of the final solution was the same (i.e. 7.5) in all cases.
After the assay tubes were microcentrifuged, the filter discs were removed, wetted with 50 pL of 10 mM KOH, and placed in 7-mL scintillation vials with 0.5 mL of Triton X-100. Three 10-pL samples per treatment were taken from the stock tubes containing medium made up for each treatment and added to vials that also contained KOH, Triton X-100, and a clean filter disc. Vials were left on a rotary shaker (350 rpm) for 30 min before addition of scintillation cocktail and counting on a Beckman LS3801 liquid scintillation counter using duallabel DPM programs. For all experiments, data are reported as the means of four replications (? SE) for each treatment.
Reagents
Hepes was from Research Organics (Cleveland, OH), [3H]mannitol, 86RbC1, and [14C]methylamine were from New England Nuclear (Boston, MA), and nylon nets were from Tetko (Elmsford, NY). A11 other reagents were from Sigma or Fisher.
uses stromal ATP (Maury et al., 1981; Robinson, 1985) . Hence, ATP was accessible only to ATPases in inside-out vesicles in these experiments. The procedure used to purify the inner-envelope membrane results in preparations of vesicles that are predominantly in the inside-out orientation . Therefore, ATP-dependent increases in [14C]methylamine accumulation within vesicles would be analogous to H+ pumping out of the stroma of intact chloroplasts. Conversely, ATP-dependent K+ pumping into the chloroplast stroma would be represented by an ATP-dependent reduction in the K+ uptake into vesicles in the experiments described here.
In a series of experiments, the chloroplast inner-envelope membrane vesicles were found to consistently demonstrate energy-dependent cation fluxes analogous to both K+ pumping into the stroma (Table I ) and H+ pumping out of the stroma (Table 11) . It should be noted that the extent of "basal" (i.e. in the absence of ATP) K+ (i.e. s6Rb+) and [ '4C]methylamine uptake into the membrane vesicles both varied from preparation to preparation (Tables I and 11). We speculate that this could be due to either variation in the vesicle size among the membrane preparations used for these experiments or variation in the protein:membrane ratio among the preparations (uptake is calculated per unit protein). Despite the variable control values shown for the experiments presented in Tables I and 11 , analyses of variance revealed a small but statistically significant reduction in K+ uptake, and increase in H+ uptake, when ATP was present in the medium external to the vesicles. Thus, the chloroplast inner envelope was shown here to demonstrate energy-dependent cation transport consistent with the capacity to maintain cation The chloroplast inner-envelope ATPase was previously characterized as a "Mg2+-dependent" enzyme in review articles (Douce and Joyard, 1990) . However, recent work from this laboratory (Wu and Berkowitz, 1992b) has alternatively demonstrated that the enzyme is a K+-stimulated ATPase that uses Mg2+-ATP chelates as a substrate. K+ stimulation of hydrolytic activity of an ATPase can reflect an involvement of the enzyme in the direct transport of K+, as is the case with the animal cell membrane Na,K-ATPase and the gastric mucosal H,K-ATPase (Briskin, 1986) . Therefore, K+ stimulation of the chloroplast envelope ATPase suggested that it may act in situ as a K+ pump. The finding that stromal [K+] is reduced when intact chloroplasts are exposed to envelope ATPase inhibitors (Wu and Berkowitz, 1991) is also consistent with this hypothesis. Alternatively, the chloroplast envelope enzyme could be similar to other classes of K+-stimulated ATPases such as the plant plasmalemma H+ pump (Briskin, 1986) whose activity in situ is only indirectly coupled to active K+ transport.
Energy-dependent KC and H+ transport across the chloroplast inner-envelope membrane was probed in the experiments described in this report by adding ATP to the solution extemal to membrane vesicles. The inner-envelope ATPase Table I . In all cases, membrane vesicles were prepared in envelope medium containing 10 m M buffer at pH 7.5. For experiments 1 to 4, 10, and 11, vesicles were prepared in Tricine titrated with NaOH. Vesicles used for experiments 5 to 8 were prepared in Tricine titrated with Tris. Vesicles used in experiment 9 were prepared in Hepes titrated with Tris, and Hepes-Tris buffer (pH 7.5) was used in the reaction medium. For experiments 10 and 11, 10 m M K+ gluconate was also added to the reaction medium. In all cases, membrane vesicles were incubated in reaction medium for 5 min before filtration. Treatment means for individual experiments are shown f SE. Pooled results from all experiments were evaluated for statistically significant differences using analysis of variance, with a paired t test used for means separation. (Heldt et al., 1973; Wu and Berkowitz, 1991, 1992a) . The critica1 issue to be resolved conceming the nature of the system of envelope proteins that facilitate this transport is delineated by the two alternative models presented in Figure 1 . The primary energy-dependent activity of this system could be K+ accumulation in the stroma of the illuminated chloroplast facilitated by a K+-pumping ATPase. K+ influx could be indirectly linked to H+ extrusion from the stroma via passive H+ flux through an H+-conducting ion channel. This model is depicted in Figure 1A . Alternatively, the ATPase could act in a primary fashion as an H+ pump, with active H+ efflux coupled to passive K+ influx through an envelope K+ channel (as shown in Fig. 1B) . Indirect, electroneutral K+/H+ exchange has already been demonstrated to occur across the inner envelope (Wu and Berkowitz, 1992a) . Also, the presence of a putative K+ channel as an intrinsic envelope protein has been documented in previous studies (Wu and Berkowitz, 1991, 1992a) . It should be noted that an alternative to the two models shown in Figure 1 could involve the presence of a K+/H+ antiport protein in the chloroplast envelope. However, previous work from this laboratory (Wu and Berkowitz, 1992a) indicated that virtually a11 of the passive K+ flux occurring across the envelope of intact chloroplasts occurs through a uniport pathway (such as an ion channel). Thus, this last hypothetical model can be discounted. Coupling of H+ and K+ flux across the chloroplast innerenvelope membrane was demonstrated with vesicles in the experiments shown in Figure 2 . The addition of external K+ (which causes K+ uptake, Table I ) reduced intemal [H+] both in the absence ( Fig. 2A) and in the presence (Fig. 2B) of ATP. This cation counterexchange clearly affects the capability to maintain photosynthesis in situ (Wu and Berkowitz, 1992a) .
Energy-dependent changes in cation uptake into membrane vesicles were found to be dependent on an oligomycinsensitive ATPase. This inhibitor of the chloroplast envelope ATPase (Maury et al., 1981) was found to essentially reverse active H+ uptake (Fig. 3) and K+ efflux (Fig. 4) from the membrane vesicles. It should be noted that oligomycin was found to have no effect on cation fluxes in the absence of added ATP, and ADP was not able to duplicate the effects ATP had on cation fluxes (data not shown). The finding that ATP-dependent cation fluxes were fully reversed in the presence of oligomycin (Figs. 3 and 4) suggests that contamination of our inner-envelope preparations with thylakoid membrane did not have a significant impact on our work. The thylakoid ATPase is not inhibited by oligomycin (Maury et al., 1981) . Also, when checked, we never found ATPase activity in our inner-envelope preparations to be sensitive to the thylakoid (and mitochondrial) ATPase inhib- Ollgo.
CYTOSOL
EXPT. # 1 EXPT. #2 Results from two separate experiments for each of the assay conditions are presented, and treatment means are shown k SE. 
Ollgo.
EXPT. # 1 EXPT. #2 Upon addition of 100 p~ DCCD, ATPase activity in the presence and absence of KCl was 2.01 f 0.14 and 3.84 & 0.16 rmol of Pi mg-' of protein h-', respectively. ATPase activity in thylakoid membranes isolated from the same intact chloroplast preparations used to purify the inner-envelope membrane was, altematively, sensitive to DCCD. ATPase activity in these thylakoid membranes was 2.68 f 0.03 and 1.49 f 0.06 pmol of Pi mg-' of protein h-' (i.e. 55% inhibition) in the absence and presence, respectively, of 50 p~ DCCD. Because our envelope membrane vesicles are derived from preparations of highly purified chloroplasts, they are typically free from contamination by extrachloroplastic membranes.
Extensive analysis (Wu and Berkowitz, 1992b) has shown that the ATPase activity in these preparations is distinct from that associated with the plasmalemma. Also, the procedures we used to purify our chloroplast inner-envelope membrane vesicles have been found to yield preparations devoid of glycoproteins (characteristic of the endomembrane system) and with only trace amounts of phosphatidylethanolamine, which is a major lipid constituent of other cell membranes (Cline, 1985) . Hence, we have no reason to believe that the energy-dependent cation fluxes demonstrated with our membrane preparations were due to the activity of any enzyme other than the chloroplast inner-envelope ATPase. Further studies focused on delineating which of the two models presented in Figure 1 is valid. The determination of whether the envelope ATPase acts in a primary fashion as a K+ or H+ pump was facilitated by examining ionophore effects on ATP-dependent cation fluxes. The protonophore CCCP was found to reverse ATP-dependent changes in H+ uptake (i.e. methylamine equilibration) into membrane vesicles (Fig. 5) . This was expected; CCCP would break down any proton gradient generated (either directly or indirectly, as discussed previously) across the vesicle membrane through the action of an ATPase cation pump. However, CCCP was found to also reverse ATP-dependent K+ fluxes (Fig. 6) . (It should be noted that CCCP had no effect on K+ uptake in the absence of ATP; data not shown.) The only way in which the protonophore CCCP could act to reverse energy-dependent K+ flux is indirectly, through the breakdown of a proton gradient established across the membrane through the action of an ATPase. Therefore, the data presented in Figure 6 are critica1 evidence that support the contention that the envelope ATPase is an H+ pump. Energy-dependent K+ flux across the chloroplast inner envelope must occur as an indirect consequence of primary H+ pumping. Otherwise, it would not be sensitive to the addition of CCCP. Conversely, ATP-dependent H+ flux was not dependent on primary K+ pumping.
Although ATP-dependent H+ flux was observed in the presente of externa1 K+ (Table 11 , experiments 10 and ll), we
were also able to demonstrate ATP-dependent H+ flux in the absence of K+ in many experiments (Table 11 ). These results indicate that active H+ flux does not occur as a secondary consequence of primary K+ pumping.
Experimental evidence presented in this report allows for a rather straightforward characterization of the nature of energy-dependent K+/H+ counterexchange across the chloroplast inner envelope. The results presented here are consistent with the model shown in Figure 1B . It appears that the chloroplast envelope ATPase acts as an H+ pump. K+ counterexchange occurs as a consequemce of primary H+ pumping. The energy-dependent cation fluxes demonstrated to occur with envelope vesicles in this study are consistent with a capacity of the envelope ATPase to pump protons out of the stroma of the illuminated chloroplast in situ. Primary H+ pumping out of the stroma by the envelope ATPase is clearly linked to electroneutral K+ counterflux through intrinsic envelope K+ channels (Wu and Berkowitz, 1992a) . The significance of the integrated in situ activity of these membrane proteins is underscored by the fact that photosynthetic 
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EXPT. # 1 EXPT. #2 C02 fixation would not be possible without their action. Without a system to pump protons out of the illuminated chloroplast, the cytoso1:stroma ApH developed as a consequence of H+ pumping into the thylakoid lumen would quickly dissipate. In the absence of stromal alkalization, the photosynthetic carbon reduction cycle would just as quickly grind to a halt. The significance of this work is underscored by the sublime analysis put forth by Harold (1986) in his review of cell bioenergetics: "One of the unsolved mysteries of chloroplast function is the mechanism by which chloroplasts excrete protons on illumination and raise the pH of the stroma. An ATPase of unknown function is present in the chloroplast envelope; prejudice assures one that it will turn out to be a proton pump, but this has yet to be demonstrated."
